Fibre optic sensing devices have been produced for the dual measurement of strain and temperature using the combined properties of fibre Bragg gratings and the fluorescence lifetime of erbium-doped fibre. Two different sensors were constructed with the fibre Bragg grating written in normal fibre and also written directly in the Er 3 +-doped fibre. Results obtained indicate that this technique can be used to measure strains and temperatures with accuracies of approximately l. 2°C and 20.4 !-lE 
Introduction
Fluorescence-based techniques have a number of advantages over other methods for intrinsic fibre sensor devices, demonstrated especially for the measurement of temperature l . The rare earth doped fibre commonly used is available at relatively low cost, excitation can be achieved by a range of commonly available sources, fluorescence detection is relatively easy and the 'in-fibre' nature of the sensors make them readily compatible with a range of other fibre-optic sensor schemes.
Recent research has shown that in addition to the better known temperature dependence, the fluorescence lifetime technique shows an additional, but smaller strain dependence. This was first reported in work by Liu et aF for neodymium Nd 3 +-doped fibre and subsequently more detailed examinations of the strain dependence of the fluorescence lifetime were obtained using a wider range of fibres, including Nd3+-doped silica fibre 3 , Yb 3 +-doped silica fibre 4, Er 3 +-doped silica fibreS and single-crystal ruby fibre 6 . The simultaneous measurement of both temperature and strain is required in a large number of applications and a wide variety of optical fibre-based sensing techniques have been proposed for this (see Jones 7 and Jin et aI 8 ) . Dual temperature and strain measurement techniques are frequently based on, for example, fibre Bragg gratings (FBGs) and for distributed sensing, considerable progress has been made using intrinsic scattering techniques (e.g. Brillouin scattering 9 ), but involving expensive and sophisticated sensor techniques. Fluorescence-based techniques have been discussed for temperature-strain measurement by Wade et al lO using the combination of the fluorescence lifetime and the fluorescence intensity ratio, where the later approach has been shown to be essentially strain insensitive. In further research, Jung and co-workers have demonstrated simultaneous strain and temperature measurement using the amplified spontaneous emission power of Er 3 + and Er 3 +:Yb 3 +-doped fibre combined with a FBGll,l2, but the relatively long length of doped fibre required to achieve the desired level of signal amplification (7m for Er 3 + and 25 cm for Er 3 +:Yb 3 +) and the dependence of the amplified spontaneous emission power on the excitation power is a limitation.
It was decided to investigate a potentially simpler and more compact optical-fibre sensor configuration involving a unique sensor scheme where the combination of a FBG and a short length of Er 3 +-doped fibre is used. This takes advantage of the intrinsic properties of FBGs as well as the fluorescence properties of short lengths of doped fibre, yielding satisfactory results. Some of the authors have recently reported results using a separate FBG and Er 3 +-doped fibre 13: here the results obtained previously are compared with those from a new sensor in which the FBG is directly written into the doped fibre.
The theory behind the work has been discussed in some detail by Sun et aU, and involves the use of two simultaneous measurements with two unknown quantities, which in this case are the changes in temperature (/:::"T) and strain (/:::"E). Thus simple expressions, equations (l) and (2) shown below, can be written for the changes of these parameters, i.e.:
such that, 
he Er 3 +-doped fibre, examples of which are shown in Figure 2 . These spectra contained an associated and easily observable feature corresponding to the FBG. This represents a particularly attractive feature of the sensor in that the fluorescence generated acts as the interrogation light for the FBG, removing the need for a second optical source. By choosing, as was done in this case, the wavelength of the FBG to lie within the fluorescence band of the doped fiber, the system incorporates its own 'fluorescence fibre source', and this measurement does not interfere with the measurement of the change in the fluorescence lifetime, important for the temperature correction. In the calibration tests, fluorescence spectra were
measurements. An InGaAs photodiode was used to measure the wel1-known 1.5~m fluorescence emission from Er 3 + and it was connected to the other input port of the WDM coupler. In this work, for simplicity, the measurement of the FBG wavelength shift was achieved using a commercial optical spectrum analyzer (OSA).
The lifetime of the Er 3 +-doped fibre was measured using an analogue-todigital card connected to a PC, which sampled the output of the photodiode, this being triggered by the falling edge ofthe excitation pulse. The value of the fluorescence lifetime was subsequently obtained using Prony's method 14 . Measurements ofthe centre wavelength of the FBG were made by recording the fluorescence spectra of 1540 Wavelength (nm) pulley in order to minimise friction, for better repeatability of the test where A is the cross-sectional area of the fiber, calculated for the 125~m diameter sample used, and Y is Young's Modulus (7.31x10 10 N/m 2 for fused quartz). Care was taken to prevent the fibre from touching the tube oven glass and to lubricate the nm port ofa 2xl 98011550 nm WDM coupler arrangement. A pulley system was used to apply strain to the dual fiber sensor, where the mass, m, that was added determined the overall strain exerted on the test fiber. This applied strain, E, was calculated using: 
Experimental arrangement
Two different sensing elements were created, one with a separate FBG (written in plain 'telecoms' fibre, 1548 nm centre wavelength) spliced to a small length (5 cm) of singlemode 4370 ppm-wt Er 3 +-doped fibre (Sensor A), and the second with the FBG (1551.5 nm centre wavelength) written directly into a 16 cm length of 1050 ppm Er 3 +-doped fibre (Sensor B). (The length of Sensor B was fixed by the fact that the exact location of the FBG in the Er 3 +-doped fibre was unknown, but in principle the device could be much shorter.) During tests the sensing elements were centred within the controlled zone of a temperature stabilised oven (Carbolite, type: MTF 12/38/400), as shown in Figure J . The experimental arrangement used additionally allowed a range of strains to be applied to the sensor at various temperatures, from ambient to a maximum of 150°C during these calibration tests (i.e. without damaging the FBG). A 980nm laser diode with an output power of approximatey 2 mW was used to pump the Er 3 +-doped fibre, where its output was modulated via a computer-generated trigger pulse. Excitation of the Er 3 +-doped fibre was achieved by coupling the output of the laser diode to the 980 This work has shown the potential of a simple dual technique sensor for the measurement of strain and temperature. The sensor elements are colocated on one fibre, for ease of installation and use, and the size of the active region is very small, facilitating both point sensor use and offering the potential for multiplexing of the sensors along a single fibre. The results demonstrated show a satisfactory level of resolution for both parameters for many applications.
________________ Dual measurement -Wade et al
Research is continuing to determine the optimum materials for such sensors and to achieve an improvement in Conclusion ture on the Er 3 +-fluorescence lifetime of Sensor B at minimum and maximum applied strains. These results are similar to previous temperature calibrations of Er 3 +-doped fibre reported previously by some of the authors 5 . The strain sensitivities of the Er 3 +-doped fibre, obtained from a straight line fit to graphs of fluorescence lifetim~versus strain at each of the temperatures tested, are plotted as a ftmction of temperature in Figure 4 for each of the sensor systems tested. The results show that the strain sensitivity of the two fibres are very similar, despite the difference in Er 3 +-doping concentration.
Measurements of the centre wavelength of the FBGs for the applied strains and temperatures previously mentioned resulted in linear wavelength shifts as a function of both temperature and strain over the ranges measured for both of the sensor configurations, as expected. Values of the temperature and strain coefficients (i.e. the changes in fluorescence lifetime and FBG wavelength with temperature and strain) were obtained by fitting straight lines to the data, and are given in Table 1 . Using these coefficients with equation 2, values of temperature and strain were calculated for the data obtained in the calibrations and then compared, using a knowledge of the conditions applied during the calibration tests. An example of the differences between the values calculated from the data and those applied in the tests are given in Figure  5 , using the results obtained for Sensor B.
A comparison between the results obtained for the two sensor configurations tested is given in Figure 3 shows the effect of tempera-
Results and Discussion
A series of calibration tests was performed to assess the performance of the two dual temperature-strain sensor systems. Measurements of the fluorescence lifetime and FBG wave- .. resolution of both parameters. In addition, the issues of long term stability and utility are being considered.
